The precise microecology of Blastomyces dermatitidis is unknown, but the fungus has been associated with nitrogenous waste products and rapidly changing environmental conditions . Ammonia accumulates in certain microenvironments, is toxic to most fungi, but may not be identifi ed in processed soil samples . Ammonia tolerance of B. dermatitidis was investigated with two strains recovered in Wisconsin, one from a dog and the other from an environmental source . The samples were grown on phosphate and HEPES buffered agar media supplemented with mineral salts, low (1 g/l) and high (20 g/l) dextrose and increasing amounts of ammonium sulfate, at pH 7 -8.2, in gas-impermeable bags at 20 o C . Moderate mold growth and sporulation of the strains were observed at low glucose concentration and calculated ammonia concentrations of 4.2 mmol/l when plates were inoculated with either mold or yeast forms . Three recent B. dermatitidis human clinical isolates also exhibited similar growth on this media, and 4/5 strains tolerated ammonia concentrations of 42 -62 mmol/l. Growth of virtually all soil fungi from 206 aqueous slurries of fresh and frozen soil from the northern USA and Canada was inhibited at ammonia concentrations of 2.1 -4.2 mmol/l . The ability of B. dermatitidis to survive and grow in organic carbon-poor, high ammonia microenvironments may be important to the competitive success of this fungus. These fi ndings may have implications for other dimorphic fungi.
80 o C) [ 4, 5 ] , the fl oor of a petroleum fi ltering shed [ 6 ] , and a large Wisconsin compost pile [ 7 ] (interior temperatures can reach 50-65 o C [ 8 ] . Cases of blastomycosis have been associated, among other environmental features, with changing water levels [ 4 ,9 ] , sand soils, relatively low elevation waterways [ 10 ] , and relative drought [ 11 -14 ] . There have been proposed associations of Blastomyces with ground-dwelling mammals that utilize burrows containing latrine chambers [ 1, 15 ] , as well as other avian and mammalian waste products [ 1 ,3, 4, 16 ] .
Ammonia is tolerated by B. dermatitidis , at least transiently in-vitro [ 17 ] , yet is considered toxic to many, if not most, fungi, and many bacteria [ 18 ,19 ] . Several of the proposed B. dermatitidis microenvironments [ 1 ,4, 7, 9, 15, 20 -24 ] have the potential for ammonia accumulation from various combinations of avian and other animal waste, decomposition of decaying vegetation and animal carcasses, droughty soils and other
Introduction
While the precise microecology of Blastomyces dermatitidis is unknown [ 1 ] , we have proposed that this slow-growing fungus may thrive as a 'survivor' of harsh or rapidly changing environmental conditions such as pH, nutrients, temperature, water tension, and potential chemical inhibitors [ 1 -4 ] . Specifi cally, environmental isolations and strong circumstantial evidence have implicated harsh microenvironments such as the earthen fl oor of a tobacco curing barn (transient temperatures up to microenvironmental features [ 8 ,18, 19 ]. Yet ammonia may not be identifi ed in environmental samples associated with Blastomyces due to its loss to the atmosphere during sample storage or processing.
It is hypothesized here that ammonia may indeed transiently accumulate in certain microenvironments associated with Blastomyces and contribute to the relative survival of B. dermatitidis amongst the potential competing bacteria and fungi.
Materials and methods

Strains
These studies primarily utilized two Northern Wisconsin, USA strains of Blastomyces dermatitidis , ERC-2 (ATCC #MYA-2585), and ER-3 (ATCC #MYA-2586). The former strain was isolated from the stool of a dog with blastomycosis [ 25 ] , the latter from a woodpile in Northern Wisconsin [ 2 ] . Previous studies have shown that these two strains have different rates of growth on various media [ 3 ] . Strains were maintained on Sabouraud 2% dextrose (Emmon's) agar (Remel, Lenexa, KS, USA).
Following derivation of a suitable high ammonia agar medium, three additional recent human clinical isolates of B. dermatitidis from Southeastern Wisconsin were tested. These strains were isolated on 16 July, 1 August and 14 August 2007 from sputum, cerebrospinal fl uid and bronchial brushings, respectively, and had been passed only once or twice on Sabouraud dextrose agar following initial isolation and identifi cation.
Culture media and conditions
Experiments were performed utilizing a modifi cation of the solid media developed by Sparringa and Owens to demonstrate inhibition of the tempe mold Rhizopus oligosporus by ammonia [ 26 ] . This contained, per liter of water: K 2 HPO 4 , 1.04 g; KH 2 PO 4 , 0.75 g; MgSO 4 X 7H 2 O, 0.2 g; NaCl, 0.1 g; CaCl 2 , 0.025 g; EDTA Na X 2H 2 O, 0.091 g; HEPES buffer, 2.38 g; dextrose in amounts of 1 g (5.6 mmol), or 10 g, or 20 g; and (NH 4 ) 2 SO 4 in amounts 5 g (37.5 mmol ammonium sulfate, 0.42 mmol/l calculated ammonia concentration), or 15 g, or 20 g, or 25 g, or 50 g, or 75 g; all at pH 7; to which was added 15 g/l agar prior to autoclaving. No antibiotics were added. Once a maximum level of ammonia readily tolerated by our strains of B. dermatitidis was reached, the following ingredients were added, per liter, to some of the media: yeast extract, 0.1-1 g/l; or allantoin [ 2 ,3 ] , 5 g (31.6 mmol)/l; or allantoin 5 g/l and yeast extract 1 g/l. Finally, unmodifi ed media containing dextrose 1 g/l, and ammonium sulfate 50 g/l was tested at pH 7.5, 8.0 and 8.2 ; and ammonium sulfate 75 g/l at pH 8.2 were employed in the studies.
Sterile molten agar (33 ml, each) was poured into 100 ϫ 15 mm polystyrene Petri dishes. To prevent loss of ammonia to the atmosphere, solidifi ed agar plates were placed into 5 ϫ 8 in. Zipper-top polypropylene ammonia impermeable bags (Sigma, St. Louis, MO, USA) within 100 minutes of pouring and only opened briefl y once to inoculate the plates.
Plates were individually inoculated immediately with 1 mm 3 of mycelia from the Blastomyces strains by picking the material and placing it in the center of the plate, or by streaking it across the surface (to dilute any glucose transported from the Sabouraud dextrose agar). Soil sample plates were individually inoculated by suspending the soil in sterile distilled water as a thin slurry (approximately 50% weight/volume) and spreading 0.1 ml of the material over the plate surfaces as previously described [ 2 ] . Soil samples included clay and/or sand and/or silt, and/or loams [ 27 ] [ 14 ] . Plates ( N ϭ 206) were inoculated between 30 minutes and 5 days later. Plates were incubated in the polypropylene bags at 20 o C, and growth observed weekly through the bags. Growth, if any, was assessed using a four point Likert scale ( Table 1 ) as in a previous study [ 3 ] .
To confi rm that yeast forms of B. dermatitidis would convert to the mold form and grow on high ammonia media, strains ERC-2 and ER-3 were grown for 2 weeks to moderate turbidity at 37 o C on ANDY media (modifi ed from [ 3 ] , containing, per liter of water: dextrose, 20 g; allantoin, 5 g; yeast extract, 0.5 g; KH 2 PO 4 , 1 g; MgSO 4 , 0.5 g; NaCl, 1 g; at pH 7. Complete yeast conversion was confi rmed microscopically, then 10 microliters of suspension was spread onto agar plates containing the modifi ed Sparringa and Owens media [ 26 ] with 1 g dextrose, 50 g (NH 4 ) 2 SO 4 (4.2 mmol ammonia) and 1 g yeast extract per liter, and incubated at 20 o C in polypropylene bags.
Reagents and calculations
All chemicals were obtained from Sigma, St. Louis, MO, USA.
Ammonia concentrations in agar media were calculated using the Henderson-Hasselbalch equation, and the pKa The selective media of Smith and Goodman involves the addition of ammonium hydroxide to a phosphate-buffered medium, resulting in a transient elevation of pH, in addition to the ammonia. The pH increases to 9.0-9.5 (maximum ammonia concentration approximately 18 mmol/l) on the fi rst day, but falls to 6.5-6.8 (approximately 0.1 mmol/l ammonia) by the third day [ 17 ] . We do not suggest that the media described in the present report is superior to that of Smith and Goodman for isolation of B. dermatitidis from clinical specimens, but rather that for these experiments it is useful for testing the effects of sustained elevated ammonia levels alone while holding the pH constant.
Smith and Goodman obviously recognized the tolerance of B. dermatitidis and H. capsulatum to high levels of ammonia, at least early in the new growth of these fungi, for ammonia of 9.25, similar to Sparringa and Owens [ 26 ] , ignoring trivial differences due to ambient temperature.
Results
Both test strains of B. dermatitidis exhibited moderate growth at pH 7 (colony diameters increasing from 1 mm to 10-15 mm), with little difference due to concentration after 2-3 weeks at ammonia levels of 0.42 mmol/l up to 4.2 mmol/l. At 6.3 mmol/l ammonia, moderate growth was achieved 1-2 weeks later. Rate of growth was similar regardless of dextrose levels of 5.6 mmol/l, 56 mmol/l or 112 mmol/l.
Sporulation by both strains was observed by 28 days at pH 7 at ammonia levels of 4.2 mmol/l. The addition of yeast extract, 0.5-1g/l, modestly improved the growth rate and degree of sporulation of these strains on the basic media with 4.2 mmol/l ammonia. The addition of allantoin 31.6 mmol/l [ 2 ,3 ] , with or without yeast extract, did not improve growth rates of B. dermatitidis , and may have slightly promoted bacterial growth on soil sample plates. Moderate mold growth of both strains of B. dermatitidis was also observed on low glucose, high ammonia (4.2 mmol/l) media following inoculation with yeast forms of the fungus. Similar growth was exhibited on this medium, with and without yeast extract, with the three recent Southeastern Wisconsin clinical isolates of B. dermatitidis, even after serial passage. All fi ve strains were then grown on low glucose media, without additives, at pH 7.5-8.2, with concomitant increases in ammonia. After one month, all strains had increased mean colony diameter from 1 mm to 15 mm (range of strains 10-21 mm) and sporulated at calculated ammonia concentrations up to 42 mmol/l, however one clinical isolate did not form aerial mycelia at this level. Only one strain, a human isolate, grew (and sporulated) at 93 mmol/l ( Fig. 1 ) .
Following one month of incubation on media at pH 7 containing glucose at 5.6 mmol/l with ammonia concentrations of 2.1-4.2 mmol/l, there was no signifi cant growth on 52/206 spread plates of environmental soil slurries. Bacterial growth was less than moderate on 152/154 of the remaining plates. No signifi cant fungal growth was seen on 167/206, and less than moderate on the remaining 39 plates ( Table 1 ) .
Material from the surface of samples of these growthinhibited plates yielded rapid growth of multiple fungal colony types when streaked onto Sabouraud 2% dextrose agar plates.
At the same ammonia concentrations, but with dextrose levels of 56 mmol/l, soil slurry sample plates were typically overgrown by two or more colony types of fungi by 7-10 days. decreased organic carbon ( Ͻ 1.2-1.7% in soil) and chemical inhibitors of nitrifi cation. Moisture content, soil density and cation-exchange reactions (e.g. clay binding) were less important [ 31 ] . Sand decreases organic carbon content and moisture retention of soil and allows higher transient rise in pH with nitrogenous decay, including inhibition of nitrifying organisms intolerant of ammonia and high pH. During manure decomposition, basalt had a much lower ammonia adsorption capacity compared to peat (0.05 vs. 23.4 mg ammonia nitrogen/g) [ 33 ] .
Considering decomposition of farm animal and poultry manure [ 34 -36 ] as models for decomposition of wild bird and animal droppings, shortly after deposition, pH increases due to urea hydrolysis (particularly from liquid waste) and from CO 2 loss. The resultant increased ammonia concentration may be transient if rapid nitrifi cation and/or volatilization occurs, but may persist in the presence of sand, drying or formation of surface crusts. Swine and dairy manure ammonia concentrations range from 1-24 mmol/l at pH ranges from 6.2-8.4 depending on the time of storage/decomposition [34, 36] , and poultry manure ammonia concentrations reach 12-20 mmol/kg at mean pH of 8.5 after degradation and some loss due to volatilization [ 35 ] .
Inhibition of our soil sample microorganisms was achieved at pH 7.0 at moderately elevated ammonia concentrations, while B. dermatitidis was shown to grow in these conditions and at signifi cantly higher ammonia levels at alkaline pH. While alkaline pH levels have generally not been associated with B. dermatitidis [ 2, 4, 37 ] , pH determinations were not available for the majority of soil isolations. Soil sampling for B. dermatitidis may not capture increases in microenvironmental pH (or ammonia) if samples are obtained after pH has declined toward 'baseline' following a transient rise.
Thus, ammonia tolerance by Blastomyces dermatitidis may be important in some microenvironments to survive and temporarily 'bloom' despite the usual presence of potentially out-competing and/or inhibiting organisms. This appears to be more likely in areas high in nitrogen compounds, but low in available organic carbon. Such microenvironments may include animal droppings or guano, chitinous or otherwise, or decaying carcasses [ 18 ] on rocky or sandy surfaces; end stages of rot of mixed organic substances once available carbon is largely utilized; burrowing animal latrine chambers (e.g., the Eastern Chipmunk, Tamias striatus [ 38 ] or others previously associated with B. dermatitidis [ 9, 15 ] ); and certain soils fertilized with nitrogen compounds such as anhydrous ammonia, urea [ 39 ] , and manure [ 21, 40 ] . Liquid fertilizers utilizing anhydrous ammonia frequently contain inhibitors of nitrifi cation such as nitrapyrin (2-chloro-6-trichloromethylpyridine) which maximize retention of NH 3 in the soil [ 41 ] . but did not apparently comment on the implications of this fi nding regarding the natural microenvironment of these organisms.
High ammonia levels inhibited growth of fungi and most bacteria in our soil samples only at low glucose levels. This observation is consistent with that described by Tenuta and Lazarovits in their published manuscripts [ 28, 31 ] , and their patent description of a method to control soil pathogens [ 32 ] . These authors suggest that addition of nitrogen compounds in amounts suffi cient to generate relatively high levels of ammonia function to control soil organisms only if soil organic carbon is limited.
In-vitro , Verticillium dahliae cells are killed at ammonia concentrations of 4.4 mmol/l, however in amended soil mixtures, ammonia levels of 18-35 mmol/l are associated with microsclerotia killing [ 28, 31 ] . Sublethal levels of ammonia may still be fungistatic [ 28 ] . Further studies are needed to determine if proportionate increases in ammonia tolerance are observed for B. dermatitidis in soil.
There are several lines of evidence that suggest that ammonia may contribute to the relative survival of B. dermatitidis among competing microorganisms in certain environments. Ammonia is stable at physiologic temperatures, highly soluble in water especially at lower temperatures (33% by weight at 20 o C), has relatively low vapor pressure in unsaturated aqueous solutions [ 18 ] , and would remain in a liquid state while other groundwater may be frozen due to low surface temperature (e.g., the freezing point of 29.4% acquous ammonia is Ϫ80 o C). It may be trapped beneath the soil surface, often between particles or in trapped areas of water. Thus, soil ammonia may be present regardless of temperature; consistent with cold and warm season case associations and isolations [e.g., 1, 2, 4, 7] .
Potentially inhibitory concentrations of ammonia accumulate only in certain soils and conditions, as its presence is usually transitory due to rapid conversion by nitrifying bacteria. Generally, soil ammonia concentrations are increased by increased pH and decreased moisture (ammonia may accumulate in droughty soil because nitrifying organisms cannot operate at water potentials at which ammonifi ers such as Penicillium are still active [ 8 ] ). Ammonia levels rise following increased production of ammonium compounds from the degradation of nitrogenous compounds, including liquid and solid animal waste (with the relative concentration of ammonia increasing with the pH). Clay soil particles, unlike sand, bind NH 4 ϩ , pulling the equilibrium away from NH 3 . Tenuta and Lazarovits [ 28 , 31, 32 ] have studied amended loamy and sand soils (with the later addition of muck [ 31 ] Further studies are needed to determine the role of ammonia in the microecology of B. dermatitidis and H. capsulatum , and to clarify its role in the evolution and association of animal hosts with P. brasiliensis and other dimorphic fungi [ 54 ] .
Cases of blastomycosis have indeed been associated with sand soils [ 10 ] and relative drought [ 11 -14 ] . The presence of sand soils along waterways and near buildings, including under decks or porches [ 14, 22 -24 ] , in conjunction with animal excreta or applied nitrogenous compounds may explain their association with Blastomyces [e.g., 4, 9, 14, 23, 42] .
Ammonia build-up in high urine/feces concentration environments may explain previous cases of blastomycosis in dogs associated with close-quartered kennels. Examples include 4/9 kenneled dogs over a 13 year period in Northern Wisconsin [ 2 ] Ammonia may not be an important factor in many 'inherently harsh' microenvironments including some previous B. dermatitidis environmental isolation sites, such as the tobacco curing barn [ 5 ] and the petroleum shed [ 6 ] . Here other geochemical factors may inhibit neighboring organisms such that Blastomyces has a transient survival or competitive advantage. Compost piles, for example, may inhibit a variety of microorganisms by inner temperatures well above the ambient air temperature and such compounds as ethylene oxide and low-molecular-weight fatty acids, however immature composts may also contain ammonia [ 8 ] . Figure 2 illustrates the various factors potentially leading to growth of B. dermatitidis in the microenvironment. [8] .
